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RESUMEN
Se emplean datos del radar de Cerro Catedral (una elevación cercana a la Ciudad de México) para inves-
tigar las propiedades de las tormentas convectivas que ocurren sobre el centro de México, una región de 
orografía compleja. La distribución espacial muestra que las tormentas tienden a formarse y moverse hacia 
el oeste del radar, sobre una banda estrecha de terreno elevado. No obstante, las tormentas con los mayores 
volúmenes y alturas en sus topes tienden a localizarse hacia el suroeste, sobre terrenos bajos. Cada elemento 
convectivo se enlazó con el número de descargas eléctricas a tierra producidas en su interior, según fueron 
detectadas por la World Wide Lightning Location Network (Red Mundial de Localización de Rayos). Las 
tormentas en las que se detectaron descargas y que tuvieron un promedio de más de seis rayos en su interior, 
IXHURQVLJQL¿FDWLYDPHQWHPiVJUDQGHVHLQWHQVDVTXHODVWRUPHQWDVHQODVTXHQRVHGHWHFWDURQGHVFDUJDV\
WHQGLHURQDORFDOL]DUVHVREUHWHUUHQRVPiVEDMRV/DPXHVWUDGHPiVGHFHOGDVLGHQWL¿FDGDVVHGLYLGLy
en cuatro grupos de acuerdo con la elevación, para investigar posibles tendencias de las propiedades medias 
relacionadas con la altura del terreno, como se ha informado para otras regiones en México. En tanto que el 
número de tormentas por unidad de área se incrementa con la elevación del terreno, los valores promedios 
GHODVSURSLHGDGHVUHODFLRQDGDVFRQHOWDPDxRiUHDYROXPHQWRSHGHOHFR\ODLQWHQVLGDGUHÀHFWLYLGDG
Pi[LPDQ~PHURGHGHVFDUJDVDOWXUDGHODUHÀHFWLYLGDGPi[LPDPi[LPDDOWXUDGHOFRQWRUQRGHG%=
disminuyen. Estos resultados podrían vincularse con la posibilidad de que el espesor de la parte de la nube 
donde ocurren los procesos de lluvia caliente sea menor en terrenos más altos. Los ciclos diurnos de la 
convección y del número de descargas eléctricas al norte del radar muestran un régimen de precipitación 
típicamente continental, con máximos a las 18:00 LT en ambas variables. No obstante, al sur del radar el 
máximo de descargas se detectó cerca de la medianoche, lo cual se relaciona con la convección más profunda 
que ocurre sobre los terrenos bajos de esa zona durante altas horas de la noche y la madrugada.
ABSTRACT
Radar data from Cerro Catedral (a peak close to Mexico City) were used to investigate the properties of 
convective storms over central Mexico, a region with complex orography. The spatial distribution shows a 
preference for storms to form and move to the west of radar, over a narrow band of high terrain. However, 
the storms with the higher volumes and echo-top heights tend to be located southwestward over lower ter-
rain. Each radar feature was matched with the number of cloud-to-ground (CG) lightning produced inside it, 
as retrieved from the World Wide Lightning Location Network dataset. The storms in which lightning was 
detected, with an average of more than six lightning bolts, clearly outperform in size and intensity the group 
of storms in which lightning was not detected, and tend to lie over lower terrain. The sample of over 98 000 
LGHQWL¿HGFHOOVZDVGLYLGHGLQWRIRXUHOHYDWLRQJURXSVWRORRNIRUHOHYDWLRQWUHQGVLQWKHPHDQSURSHUWLHVDV
reported for other Mexican regions. While the number of storms per unit area increases with terrain height, 
the average values for properties related to both size (area, volume, echo-top height) and intensity (maximum 
UHÀHFWLYLW\QXPEHURI&*EROWVKHLJKWRIPD[LPXPUHÀHFWLYLW\PD[LPXPKHLJKWRIG%=HFKRGHFUHDVH
These results could be related to the possible shallower warm-cloud depths over the higher elevations. The 
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diurnal cycles of convection and lightning north of the radar show a nearly typical continental regime of pre-
cipitation in that zone, with maxima at 18:00 LT in both variables. However, south of the radar, a maximum 
in lightning activity occurs during late night and early morning, which is linked with the deeper nocturnal 
convection over the lower terrain in that zone.
Keywords:&RQYHFWLYHVWRUPVUDGDUUHÀHFWLYLW\FORXGWRJURXQGOLJKWQLQJFHQWUDO0H[LFR
1. Introduction
Central Mexico is a region characterized by a long 
belt of high terrain more than 2000 masl, which ex-
tends roughly in an east-west direction and covers a 
great portion of the so-called Mexican Plateau in its 
southernmost zone. There are places where the terrain 
descends abruptly to below 500 masl to the south 
(the Balsas River basin) and to the northeast (the 
coastal plain of the Gulf of Mexico), and zones with 
peaks more than 4000 masl (the Transversal Volcanic 
Axis, see Fig. 1). It also contains the greatest centers 
of population in the country including the State of 
Mexico and the Federal District, where large indus-
trial zones exist.
The climate of central Mexico is well known 
and has been thoroughly described by many authors 
(Mosiño and García, 1974; Magaña et al, 1999; Cor-
tez, 1999, 2000; Valdés et al, 2005; UNAM, 2007; 
Kucienska et al, 2010). Most of the annual precip-
itation in this zone comes mainly from convection 
GXULQJ DZHOOGH¿QHGZHW VHDVRQ 0D\2FWREHU
when the number of thunderstorms increases notice-
ably. This is linked with the northward movement of 
the North Atlantic Subtropical High and the arrival 
of deep tropical moist air from the Gulf of Mexico 
over the region (Mosiño and García, 1974). Summer 
precipitation in the Mexico basin has been found to be 
mainly the result of deep convection with dominant 
ice phase (Kucienska et al, 2010; Montero et al, 
2011). The seasonal cycle of cloud-to-ground light-
ning strokes over continental Mexico shows a broad 
maximum during the summer months from July to 
September (Kucienska et al, 2010).
However, there are very few studies using data 
with high temporal and spatial resolution. In par-
ticular, radar data have been scarcely utilized to 
characterize cloud systems in central Mexico. Most 
of the published studies are rather recent and have 
utilized radar in conjunction with rain-gauge data for 
a better estimation of surface rainfall over the Mexico 
basin (González, 1998; Méndez et al, 2009, 2011; 
Vilchis et al, 2011).
On the other hand, a comprehensive study on 
convective systems and precipitation has been done 
in northwestern Mexico in the context of the North 
American Monsoon Experiment (NAME) carried out 
during summer 2004 (Lang et al, 2007; Rowe et al, 
2008, 2011). Utilizing data from the three-radar net-
work during NAME, they found a marked diurnal cy-
cle of convection, which begins early afternoon over 
the highest eastern peaks and moves westward 
over the coast of the Gulf of California during the 
late afternoon and early evening. They have also 
documented a marked elevation-dependent trend in 
convection, the latter being more frequent over higher 
terrain, but more intense over lower terrain.
,QWKLVVWXG\ZHDSSO\DIHDWXUHLGHQWL¿FDWLRQDO-
gorithm to extract radar echoes associated with cloud 
systems in central Mexico during summer. Each 
radar feature was linked to cloud-to-ground (CG) 
lightning and topographic data to look for differences 
between CG and non-CG clouds and possible eleva-
tion-dependent trends of their properties. Spatial and 
250
250
m
(km)
4000
3000
2000
1000
500
0
3500
–250
–250
200
200
–200
–200
150
150
–150
–150
100
100
–100
–100
50
50
–50
–50
0
0
Fig. 1. Study region of 250 km in radius centered in Cerro 
Catedral radar. Topographic data is included.
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diurnal distributions were obtained to determine the 
zones and time periods more frequently affected by 
severe weather.
2. Data and methods
21 5adar
The Cerro Catedral radar is a Sigmet/Vaisala C-band 
Doppler radar, located at 19.55º N, 99.52º W, roughly 
40 km from Mexico City, and 3790 masl. Table I 
lists its operating parameters. Figure 1 shows the 
study region of 250 km in radius centered on the 
Cerro Catedral radar, including topography.
The Servicio Meteorológico Nacional (SMN, 
Mexican Weather Service) supplied raw data from the 
Cerro Catedral radar for six months (July-August 2008, 
2009 and 2011) with temporal resolution of 15 min. 
There were a total of 12 317 full radar observations 
for 157 days in the sample. Currently, a full volume 
scan is completed by this radar every 15 min through 
the following three steps:
 A surveillance plan position indicator (PPI) scan 
at elevation –0.5º with resolution 250 m up to 
300 km range.
 A set of PPI scans at elevations 0, 0.9, 1.4, 2, 3, 
4.5, 6, 7, 8, and 9º, with resolution from 125 m 
up to 250 km.
 A set of PPI scans at elevations 10, 12, 15, and 
20º, with resolution from 125 m up to 125 km.
(DFKRQHRIWKHVHVWHSVSURGXFHVDUDZ¿OHDQGD
IXOOYROXPHUDGDU¿OHKDVWREHFRQVWUXFWHGPHUJLQJ
the three parts. The Radar Software Library (RSL) 
from NASA (http://trmm-fc.gsfc.nasa.gov/trmm_gv/
software/rsl/) was used for the task of merging the 
UDZ¿OHV7KLV LV D IUHHDFFHVV VXLWH RI IXQFWLRQV
for radar data manipulation and processing, which 
includes code for reading a number of common data 
formats, Sigmet/Vaisala among them.
'XHWRWKHGLIIHUHQWVWUXFWXUHRIWKHUDZ¿OHVWKDW
composed a full radar scan, they were homogenized 
in a unique format, in which each PPI had a resolution 
of 125 m up to a maximum range of 250 km. Each 
ray of the PPI at –0.5º was interpolated linearly to 
double its resolution (originally 250 m) and then it 
was truncated at 250 km (original range was 300 km). 
The four highest elevations PPI (between 10 and 20º) 
were padded up to 250 km (originally up to 125 km) 
with the radar code of NODATA. This procedure does 
not affect the original data since the high elevations 
of these PPI scans do not allow them to retrieve infor-
mation beyond 125 km. This can be seen in Figure 2, 
which shows the trajectory for each radar beam in 
a standard atmosphere (Battan, 1973). Even for the 
lowest PPI, the radar beam reaches roughly 1.5 km 
above the horizontal from the radar at a distance of 
250 km.
In this way, a PPI matrix of size 360 × 2000 × 15 
was obtained for each full volume, corresponding to 
360 azimuth angles, 2000 range bins and 15 elevation 
angles. This matrix was then used to create constant 
altitude plan position indicator (CAPPI) maps. To 
produce CAPPI maps from PPI is equivalent to a 
change of basis in 53 which transforms the original 
spherical coordinates of the radar measurement into 
Cartesian coordinates, and constitutes a common 
practice in work with radar data because it makes it 
easier to interpret and post-process the data 
To create the CAPPI, we follow the interpolation 
method described in Mohr and Vaughan (1979) and 
Mohr et al (1986). This method is also used by the 
software Reorder (developed at NCAR), which is 
widely used today (Lang and Rutledge, 2011; Rowe 
et al, 2011). Basically, the method interpolates the 
radar data on each Cartesian grid point by using 
the information from the four closest rays in space. 
,Q WKLV VWXG\ZHGH¿QH D&DUWHVLDQ JULG FHQWHUHG
on the radar with 1 km increments in the horizontal 
plane between –250 and 250 km and 1 km in the 
vertical between 0 and 20 km.
Each full volume CAPPI matrix had dimensions 
501 × 501 × 21, and permitted the creation of basic 
UDGDU SURGXFWV OLNHPD[LPXP UHIOHFWLYLW\ 0=
Table I. Operating parameters for Cerro Catedral radar.
Antenna diameter (m) 4.2 parabolic dish
Transmitter Magnetron coherent
Peak power (kW) 250
Half-power beamwidth (º) 0.9
Wavelength (cm) 5.33
Pulse repetition frequency (Hz) 250, 600, 1000
Pulse length (us) 2
Rotation velocity (rpm) 2.5
Azimuthal resolution (º) 1
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HFKRWRS(7GH¿QHGKHUHDVWKHPD[LPXPKHLJKW
RIG%=HFKRDQGKHLJKWRIPD[LPXPUHÀHFWLYLW\
+0=7KHVHSURGXFWVZHUHWKHQXVHGDVLQSXWWR
DVWRUPLGHQWL¿FDWLRQDOJRULWKPIRUH[WUDFWLQJUDGDU
IHDWXUHVDQGWKHLUSURSHUWLHV$VWRUPZDVGH¿QHGDV
DQ\FRQWLJXRXVUHJLRQLQWKH0=PDWUL[IRUZKLFK
WKH UDGDU UHÀHFWLYLW\ H[FHHGV  G%= DQGZKRVH
PD[LPXP UHÀHFWLYLW\ H[FHHGV  G%=1RWH WKLV
GH¿QLWLRQLQFOXGHVDODUJHSRUWLRQRIWKHVWUDWLIRUP
region of any storm and not only its convective core. 
A minimum area threshold of 4 km2 was also imposed 
for any region to be considered as storm.
6WRUPSURSHUWLHVOLNHWKHPD[LPXPUHÀHFWLYLW\
PD[LPXPHFKRWRSDQGKHLJKWRIPD[LPXPUHÀHFWLY-
LW\ZHUHUHWULHYHGIURPWKH0=(7DQG+0=SURG-
ucts, respectively, by searching for their maximum 
values inside the storm area. The storm volume was 
calculated by examining the entire echo in the vertical 
contained within the projection of the bi-dimensional 
DUHDLGHQWL¿HGDVDUDGDUIHDWXUHLQWKH0=PDS2QO\
JULGSRLQWVZLWKUHÀHFWLYLW\ODUJHUWKDQRUHTXDOWR
G%=ZHUHFRQVLGHUHGDVSDUWRIWKHVWRUP
22 Cloud to ground ligKtning
Data from the World Wide Lightning Location Net-
work (WWLLN) were used to link radar features 
with cloud-to-ground (CG) lightning strokes detected 
inside them. WWLLN is managed by the University 
RI:DVKLQJWRQKWWSZHEÀDVKHVVZDVKLQJWRQHGX
and has been shown to have a northward and west-
ward bias, with average location errors of 4.03 km 
in the north-south and 4.98 km in the east-west di-
rections, respectively (Abarca et al, 2010). Due to 
the rather coarse temporal resolution of radar data of 
15 min, all the CG strokes detected inside each radar 
feature between 5 min before and 5 min after the ac-
tual volume scan were considered as produced by the 
same radar feature. The number of CG strokes thus 
detected at every 15 min interval was saved as part 
of the instantaneous properties of each radar feature.
23 7oSograSK\
Topographic data for the study region were obtained 
from the NASA Shuttle Radar Topographic Mission 
(SRTM) website (http://srtm.csi.cgiar.org/) with 90 
m resolution. The closest terrain height to each radar 
grid point was chosen as representative of topog-
raphy. Each radar feature was associated with the 
terrain height in its location.
24 6ounding
Data from the Mexico City International Airport 
sounding site (station #76679) were downloaded 
(http://weather.uwyo.edu/upperair/sounding.html) 
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Fig. 2. Trajectory for each radar beam in a standard atmosphere.
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from the University of Wyoming website at 00 and 
=IRUHYHU\GD\GXULQJWKHVWXG\SHULRG7KHPHDQ
heights for the freezing level, the –10 ºC isotherm 
and the tropopause level for the six months analysis 
period were estimated from these data to be 4.9, 6.8 
and 16.5 km asl, respectively.
2 6ensitivit\ tests
To take into account the biases that could be in-
troduced by the complex topography of the study 
region, the location of the radar at high altitude and 
the widening of the radar beam with distance, several 
VWRUPGDWDVHWVZHUHGH¿QHGDQGVHQVLWLYLW\WHVWVZHUH
carried out on them. Also, to avoid the underestima-
tion of the maximum echo-top at short distances, each 
data set was required to start at 50 km from radar. 
$¿UVWGDWDVHW6DPSOHZDVFRPSRVHGE\DOOWKH
storms between 50 and 150 km from the radar whose 
echo tops surpassed the terrain height where each 
lied. Note the echo tops refer to the radar altitude 
because of the location of the radar at the origin of 
the coordinate system. The second dataset (Sample2) 
included all the storms detected between 50 and 
200 km with echo tops higher than their associated 
terrain height plus 0.6 km. This last number corre-
sponds to the approximate height for the center of 
the lowest radar beam at 200 km from the radar site 
(Fig. 2). The third dataset (Sample3) was formed by the 
storms detected between 50 and 250 km with echo tops 
taller than its terrain height plus 1.5 km, correspond
ing to the approximate height of the lowest radar beam 
at 250 km. A fourth dataset (Sample4) was created 
only with the storms in Sample2 that produced CG 
lightning. The original and largest dataset with all the 
storms detected between 0-250 km without any dis-
tinction due to distance from the radar or due to echo 
top height, from which all the samples for sensitivity 
tests were obtained, will be called Sample0.
In general, the main features observed in Sam-
ple0 remained for each of the smaller samples 
described above. The sample with radar features 
detected between 50-200 km range (Sample2) 
was chosen as best representing the properties 
of convective clouds in the study region, and the 
storm properties are presented for this dataset. No 
attempt was made to correct for rain attenuation or 
for beam blocking effects. Absolute accuracy was 
less important in this study as it focused on relative 
differences between storm types.
3. Results
31 6Satial distriEution
All the distributions in this section were obtained 
with Sample0, which covers the entire study region. 
As mentioned above, the main features were also 
observed when any other sample was chosen.
The spatial distribution of storm frequency in 
squares of 20 × 20 km2 (Fig. 3a) shows a storm is 
mainly detected along a rather narrow band near the 
center of the study region and oriented east-west, 
with higher frequency to the south of the radar. The 
decrease in storm detection with distance from ra-
dar can be a consequence of the high altitude of the 
radar location and the decrease in terrain height away 
from the radar. However, a relatively high storm 
frequency is observed to the west compared to the 
eastern and north-northwestern sectors.
All of these three regions (western, eastern and 
north-northwestern radar sectors) have roughly sim-
ilar elevation (Fig. 1), which suggests that storms to 
the west of the radar could have higher echo-tops 
more frequently. In Fig. 3a the relatively higher 
proportion of storms over the western and southern 
borders of Mexico City (SSE from the radar), as well 
as over the western slopes of the volcano Nevado 
de Toluca (SW from radar) can also be seen. This 
has been reported before (Barros, 1994; Magaña et 
al, 2003; Mendez et al, 2009) and it is attributed to 
orographic forcing.
The spatial distribution of mean storm top (aver-
aged over the number of storms in each grid square, 
Fig. 3b) shows that the zone to the west of the radar 
has the highest fraction of deeper storms. A secondary 
zone of high mean storm top is observed over the 
lower terrain to the southwest of the radar between 
roughly 140 and 210 km over the Balsas River basin. 
Two zones with the lowest mean storm tops are found 
to the north and south of the radar at approximately 
125 km each, the southern one located close to a zone 
with much higher tops on average.
The spatial distribution of the mean area of 
VWRUPVLVVKRZQLQ)LJF7KHUHLVDGH¿QLWH]RQH
to the southwest of radar where the storms tend to 
have much larger areal extent. This zone is roughly 
found over the low terrain between 100 and 250 km 
from the radar, and in between the two observed 
main maxima in the spatial distribution of mean 
echo top height (Fig. 3b). The distribution of mean 
storm volume represents the combination of the two 
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Fig. 3. Spatial distribution of storm-related properties: (a) frequency number, (b) mean echo-top height, (c) mean 
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precedents (Fig. 3d). A big area with high density of 
large storm volume is observed to the southwest of 
the radar roughly between 100 and 250 km.
7KHPHDQRIPD[LPXPUHÀHFWLYLW\)LJHGLV-
tributes more uniformly with zones of slightly higher 
PHDQUHÀHFWLYLWLHVWRWKHZHVWDQGVRXWKRIWKHUDGDU
This distribution seems to show the largest biases 
due to the high elevation of the lowest radar beam 
at long distances and the tendency for maximum 
UHÀHFWLYLW\ WR EH IRXQG DW ORZ OHYHOV LQ WKH FORXG
during its mature stage.
As shown in Figure 3f, the zone with the higher 
frequency of CG strokes coincides well with the low 
terrain zone where the storms are generally deeper 
and larger in horizontal extent, between azimuths 
200º and 270º at approximately 100-250 km from 
radar. For comparison, another large zone with low 
terrain to the northeast of the radar between roughly 
200-250 km range (along the coastal plains of Gulf of 
Mexico) has a much lower frequency of CG strokes 
during the period analyzed.
32 C* versus non-C* features
7KHUHZHUHUDGDUIHDWXUHVLGHQWL¿HGLQ6DPSOH
during the analysis period. Of this number, 11 368 (16%) 
produced at least one CG stroke and were labeled as CG 
storms. The rest (60 539) did not produce CG strokes and 
were labeled as non-CG storms. Note that some of the 
non-CG storms could have been producing other types of 
lightning like cloud-to-cloud or intra-cloud, particularly 
during days with high electrical activity. Table II lists 
the results of comparing the mean values for properties 
associated with CG and non-CG storms, while Table III 
OLVWVWKHVWDWLVWLFDOVLJQL¿FDQFHOHYHOFDOFXODWHGXVLQJWKH
Wilcoxon two-sided rank sum test) for every difference 
in Table II.
&* VWRUPVZHUH VLJQL¿FDQWO\ ODUJHU DQGPRUH
intense than non-CG storms, with echo top heights 
7DEOH,,,6WDWLVWLFDOVLJQL¿FDQFHOHYHOFDOFXODWHGXVLQJWKH:LOFR[RQWZRVLGHGUDQNVXPWHVWIRUHYHU\GLIIHUHQFH
between the means in Table II.
CG vs
non-CG
0-1 vs
1-2 km
0-1 vs
2-3 km
0-1 vs
> 3 km
1-2 vs.
2-3 km
1-2 vs
> 3 km
2-3 vs
> 3 km
0D[LPXPUHÀHFWLYLW\G%= 99 93 44 99 97 99 99
Number of CG strokes 99 99 99 99 99 99 99
Terrain height (m) 99 99 99 99 99 99 99
Area (km2) 99 99 99 99 99 99 99
Volume (km3) 99 99 99 99 99 99 99
Echo-top height (km) 99 99 99 99 99 99 99
+HLJKWRIPD[LPXPUHÀHFWLYLW\NP 99 99 99 99 99 99 99
0D[LPXPKHLJKWRIG%=HFKRNP 99 99 99 99 92 99 99
0D[LPXPKHLJKWRIG%=HFKRNP 99 99 99 99 36 68 63
Table II. Mean values for properties associated with radar features. Distinction is made between CG and non-CG 
storms and between the terrain-height levels for every storm.
CG non-CG 0-1 km 1-2 km 2-3 km >3 km
Number of features 11 368 60 539 7 957 23 488 37 578 2 884
Number of features per km2 — — 0.48 0.51 0.73 0.78
0D[LPXPUHÀHFWLYLW\G%= 36.6 30.5 33.4 32.7 31.7 30.1
Number of CG strokes 6.92 0 4.27 1.28 0.37 0.20
Terrain height (m) 1 699.7 2 040.4 702.8 1 575.9 2 419.3 3 234.1
Area (km2) 373.8 99.3 279.7 160.7 107.9 70.6
Volume (km3) 2 530.3 505.3 1 615.8 894.8 647.5 396.9
Echo-top height (km) 10.03 6.19 7.24 6.69 6.81 6.19
+HLJKWRIPD[LPXPUHÀHFWLYLW\NP 1.05 0.69 0.86 0.71 0.75 0.66
0D[KHLJKWRIG%=HFKRNP 3.07 2.01 2.65 2.33 2.35 1.84
0D[KHLJKWRIG%=HFKRNP 2.53 2.05 2.79 2.24 2.21 1.98
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DERXWNPWDOOHU¿YHWLPHVPRUHYROXPHDQGKLJKHU
YDOXHV RIPD[LPXP UHÀHFWLYLW\7KLV VXJJHVWV WKH
existence of stronger updrafts and high concentra-
tions of ice aloft in these clouds. Non-CG storms that 
produce intra-cloud lightning have been shown to be 
PXFKPRUHDEXQGDQWDQGKDYHDZHDNHUUHÀHFWLYLW\
structure when compared to CG-lightning storms 
(Lang and Rutledge, 2011). This, in addition to the 
fact that the number of storms that do not produce 
lightning at all is usually much larger than those 
that produce any kind of stroke (Lang and Rutledge, 
2011), possibly explains the high differences shown 
in Table II. The CG storms were also detected over 
lower terrain, as shown in Figure 3.
There were no evident threshold values for any 
variable beyond which only some type of storm 
could be observed. Figure 4 shows cumulative dis-
WULEXWLRQIXQFWLRQVIRUHFKRWRSKHLJKWG%=OHYHO
DQGPD[LPXPKHLJKWUHDFKHGE\G%=HFKR)RU
any given value of these parameters, there are more 
CG storms proportionally, but it is also possible to 
associate non-CG storms with the same value. The 
CG storms with echo-tops reaching 10 km, or higher, 
represent about 45% of the total number of storms in 
Sample2, while non-CG storms in this range account 
for only ~5% (Fig. 4a). The same differences for 
CG and non-CG storms in samples 0, 1 and 3 were, 
respectively: 42-6, 43-6 and 41-7%. Moreover, about 
RI&*VWRUPVUHDFKHGPD[LPXPUHÀHFWLYLWLHV
RIG%=RUPRUHEXWRQO\RIQRQ&*VWRUPV
From these latter groups, 75% of CG storms had 30-
G%=HFKRDWRUDERYHWKHIUHH]LQJOHYHOaNPRQ
average during the analysis period and ~1 km above 
radar in Fig. 4b), while only 55% of non-CG storms 
reached those heights. The corresponding differences 
for storms in Samples 0, 1 and 3 were, respectively: 
74-54, 72-51 and 76-58%.
33 (levation-deSendent trends
The radar features in Sample2 were divided in four 
groups according to the terrain height where they 
were detected. Mean values for the storm proper-
ties in each group are included in Table II and the 
VLJQL¿FDQFHOHYHOIRUWKHLUGLIIHUHQFHVLQ7DEOH,,,
7KHQXPEHURILGHQWL¿HGIHDWXUHVLQFUHDVHGZLWKWKH
WHUUDLQHOHYDWLRQZKLOHWKHUHÀHFWLYLW\VWUXFWXUHRI 
the storms seemed to become weaker. This latter trend 
was only clear from the data in Tables II and III for 
parameters like the number of CG strokes or the storm 
YROXPHZKLOHRWKHUVOLNHWKHPD[LPXPUHÀHFWLYLW\
the echo-top height or the maximum height of 40 
G%=HFKRHLWKHUKDYHORZVWDWLVWLFDOVLJQL¿FDQFHRU
are not always decreasing when elevation increases.
To further study the possible trend with the ter-
rain height, Figure 5 shows cumulative distribution 
IXQFWLRQVIRUPD[LPXPKHLJKWVRIDQGG%=
FRQWRXUVHFKRWRSKHLJKWDQGPD[LPXPUHÀHFWLYLW\
It is clear that there is an elevation-dependent trend 
in the behavior of these four parameters. In the case 
of the echo-top height (Fig. 5c) and the maximum 
UHÀHFWLYLW\)LJGWKHWUHQGLVREVHUYHGEH\RQGFHU-
WDLQWKUHVKROGYDOXHVNPDQGG%=UHVSHFWLYHO\
This behavior agrees with the average location of 
the strongest storms over low terrain observed in the 
spatial distribution (Fig. 3). A similar elevation-de-
pendent trend was reported by Rowe et al (2008) 
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for the precipitation intensity over the rough terrain 
next to the eastern coast of the Gulf of California 
in northwestern Mexico, and it was associated with 
deeper above-freezing cloudy regions over the lower 
terrain as compared with over the higher.
34 'iurnal c\cle
The diurnal cycle for the total number of storms in 
Sample2 and the total CG strokes associated are 
depicted in Figure 6. The total contribution from 
all the storms is represented by solid lines, whereas 
dashed lines and dotted lines show the contributions 
of storms located to the north or south of the radar, 
respectively. A marked lag is observed between the 
peaks of convective radar echoes and lightning activi-
ty in the study area, the former reaching its maximum 
at 18:00 LT and the latter at 1:00 LT (solid lines in 
Fig. 6a, b). This suggests that the most intense con-
vection producing lightning does not coincide in 
time with the period during which precipitation is 
more frequent.
After the period with almost null convection 
between 10:00 and 12:00 LT, the number of storms 
and the lightning activity begin to rise near midday. 
Both parameters behave similarly in the two halves 
of the study region (north and south) up to near 
19:00 LT, when they begin to diverge considerably, 
only converging again near 10:00 LT. After 19:00 
LT, the number of storms in both regions continues 
decreasing after having reached its corresponding 
peaks at 18:00 LT. However, the decrease in con-
vective activity for the northern half (dashed line 
in Fig. 6a) occurs much faster than for the southern 
half, resulting in the former in much less convection 
during late night and morning. This pattern resem-
bles the continental regime for the diurnal cycle of 
precipitation in the tropics described by Kikuchi 
and Wang (2008), characterized by large amplitude 
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with an afternoon peak between 15:00-18:00 LT. By 
contrast, the convective activity in the southern half 
(dotted line in Fig. 6a) decreases much more slowly 
during all night and the morning, and even reaches a 
secondary maximum near 22:00 LT. This relatively 
high convective activity during late night and early 
morning south of the radar is thought to be related 
with the movement of convection from the high 
terrain in the southern Mexican Plateau toward the 
lower terrain of the Balsas River basin.
Lightning activity reaches its absolute maximum 
at 19:00 LT in the northern half of the study region 
(dashed line in Fig. 6b), then decreases to a local 
minimum at 22:00 and reaches a secondary nocturnal 
maximum at 1:00 LT before decreasing rapidly be-
tween 1:00 and 3:00 LT, after which lightning activity 
remains at a very low value up to midday when the 
cycle starts again. To the south of radar, the cycle is 
quite different (dotted line in Fig. 6b). After 19:00 
LT, the lightning activity increases very fast to reach 
its peak near midnight, then it begins to decrease 
monotonically and after 3:00 LT it is virtually the 
only component to the total lightning in all the study 
region up to 9:00 LT when the total lightning activity 
reaches its minimum for about 3 h. Thus, most of the 
lightning activity in the study region comes from 
the zone to the south of the radar during late night 
and early morning convection.
To further study the diurnal cycle of convection 
and its relation with terrain, Figure 7 shows the 
diurnal variability of echo-top height distributions 
through the number of occurrence of every echo-top 
height at 00:00, 06:00, 12:00 and 18:00 LT within the 
entire study region in Sample2.
When convection starts at noon (Figs. 6a and 
7c), the highest frequency of echo tops is located 
over the higher terrain at about 5 km. Six hours later 
the contribution from echo tops over lower terrain is 
increasing, but still convection over higher terrain 
dominates. Deep echoes (> 15 km) can be observed 
equally at high or low elevations, which explains 
the observed similar contribution from northern or 
southern convection at this time (18:00 LT, Fig. 6b). 
At midnight, when the lightning activity is maximum 
(Fig. 6b), the highest frequency of echo tops (Fig. 7a) 
is located over the lower terrain with deeper convection 
extending beyond 15 km height. By morning most of 
the deeper convection occurs over lower terrain with 
almost null convection over the highest peaks (> 3 
km). This evolution is very similar to the description 
of diurnal convection during NAME in Rowe et al 
(2008), and suggests, along with the results in Section 
3a, that the observed higher-lightning activity to the 
south of the radar during late night and early morning 
(Fig. 6b) is associated with the deeper convection over 
the lower terrain of the Balsas River basin.
4. Summary and conclusions
The properties of convective storms in central Mexico 
have been scarcely studied with high spatial and 
temporal resolution. In this study, we use radar data 
during six summer months to identify and extract the 
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and dotted lines for southern storms.
471Convective storms in central Mexico
storm properties associated with radar echoes. Each 
radar feature is linked with the number of cloud-to-
ground strokes detected and with topographic data.
The convective activity in central Mexico occurs 
predominantly along a narrow band aligned in the 
east-west direction, nearly coincident with the south-
ernmost part of the Mexican Plateau, with higher 
storm frequencies toward the west and south of the 
radar site. However, the bigger and more electrically 
active storms are mainly located over the low terrain 
of the Balsas River basin, covering a high portion of 
the region to the SW of the radar at long distances.
CG storms were shown to have a much stronger 
UHÀHFWLYLW\VWUXFWXUHZKHQFRPSDUHGZLWKQRQ&*
VWRUPVZLWK¿YHWLPHVPRUHYROXPHG%=LQH[FHVV
RIPD[LPXPUHÀHFWLYLW\DQGNPWDOOHULQDYHUDJH
They also were detected more frequently over lower 
terrain, in agreement with the spatial distribution. 
Fig. 7. Number of storms detected with respect to echo-top heights and time 
of the day. Number of occurrence is normalized by the total area within each 
elevation group.
20
18
16
14
12
10
8
6
4
2
0
0 0.5 1
Echo tops (00LT)
C
um
ul
at
iv
e 
fre
qu
en
cy
1.5 2 2.5
a b
c d
0-1 km
1-2 km
2-3 km
>3 km
20
18
16
14
12
10
8
6
4
2
0
0 0.5 1
Echo tops (06LT)
1.5 2 2.5
20
18
16
14
12
10
8
6
4
2
0
0 0.5 1
Echo tops (12LT)
Number/Area (10–3 km–2) Number/Area (10–3 km–2)
C
um
ul
at
iv
e 
fre
qu
en
cy
1.5 2 32.5
20
18
16
14
12
10
8
6
4
2
0
0 2 4
Echo tops (18LT)
6 8 10
The comparison between radar features grouped by 
terrain height showed an elevation-dependent trend 
of their mean properties. The number of storms per 
DUHDLQFUHDVHVZLWKWKHHOHYDWLRQDQGWKHUHÀHFWLYLW\
structure becomes weaker. This could be related to 
cloud bases at higher altitudes over higher terrain, as 
reported for northwestern Mexico.
Diurnal cycles for the number of storms and the 
number of lightning bolts revealed notable differ-
ences between convection to the north and south 
of the radar site. To the north, both convective and 
lightning activity occurs mostly in phase with a peak 
at 18:00 LT. To the south of the radar the peak in 
lightning activity has a lag of near 4 h with respect 
to the time of maximum convective activity, sug-
JHVWLQJDVWURQJHUUHÀHFWLYLW\VWUXFWXUHRIWKHIHZHU
storms during late night. Analysis of echo-top height 
distributions as a function of time and terrain show 
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that the deepest convection during late night and ear-
ly morning occurs over the lower terrain, helping to 
explain the very active nocturnal electrical activity 
to the south of the radar. This last result gives also 
support to the elevation-dependent trend suggested 
from the analysis of mean storm properties, as well 
as to the observed spatial distribution.
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